The standard molar enthalpies of formation of the 3-methyl-N-R-2-quinoxalinecarboxamide-1,4-dioxides (R ) H, phenyl, 2-tolyl) in the gas phase were derived using the values for the enthalpies of combustion of the crystalline compounds, measured by static bomb combustion calorimetry, and for the enthalpies of sublimation, measured by Knudsen effusion, at T ) 298.15 K. These values have also been used to calibrate a computational procedure that has been employed to estimate the gas-phase enthalpies of formation of the corresponding 3-methyl-N-R-2-quinoxalinecarboxamides and also to compute the first, second, and mean N-O bond dissociation enthalpies in the gas phase. It is found that the size of the substituent almost does not influence the computed N-O bond dissociation enthalpies; the maximum enthalpic difference is ∼5 kJ‚mol -1 .
Introduction
The quinoxaline derivatives show a high diversity of biological properties, having found application due to their antibacterial, antiviral, anticancer, antifungal, and insecticidal activities. [1] [2] [3] [4] [5] Oxidation of one or both nitrogens of the quinoxaline ring highly increases the range of their interesting biological activities and DNA interactive behavior. These aspects justify the large number of recent studies reported in the literature, which may be considered as an effort to develop new and more potent bioreductive drugs. Indeed, the deep pharmacological and toxicological characterization and, at the same time, the improvement of the bioavailability of this class of polycyclic nitrogen-containing heterocycles have been extensively studied. 6, 7 Recently, functionalized quinoxaline-1,4-dioxides containing the 3-methyl-quinoxaline-2-carboxamide scaffold, and particularly the N-aryl derivatives, were found to be highly important due to their antimycobacterial activity.
The activity of heterocycles containing one or more N-O bonds seems to be directly linked to the strength of their N-O bonds, 8 and therefore, it would be interesting to build a thermodynamic scale of the enthalpies of N-O bond breaking in these compounds. In the literature, it is possible to find some research works that dealt with the construction of such a scale, but unfortunately, that is rather incomplete at the moment. Therefore, the thermochemical characterization of selected compounds that are representative of families of molecules already synthesized [9] [10] [11] [12] is one of our aims. To achieve our purposes, combustion and sublimation measurements, in combination with functional group contribution estimations and density-functional-theory-based computations, 13 are being carried out in order to determine the mean molar dissociation enthalpy of the N-O bonds, 〈DH°m(N-O)〉. The comparison of the N-O bond dissociation enthalpies for compounds with different neighboring functional group substituents permits the evaluation of the influence of such groups on the N-O bond strength, improving the understanding of the oxidizing capabilities of these molecules.
The present work reports an experimental study on the standard molar enthalpies of formation, in the condensed phase, for three quinoxalinecarboxamide-1,4-dioxide derivatives, represented in Figure 1 , and also of their respective enthalpies of phase transition.
Further, the first, second, and mean enthalpies of dissociation of the N-O bonds in these compounds have been obtained from density functional theory calculations performed at the B3LYP/ 6-311+G(2d,2p)//B3LYP/6-31G(d) level of theory. This approach has been employed successfully in the past with an excellent agreement between computed and experimental results. [10] [11] [12] Then, using the computed enthalpies for the reaction of dissociation of the two N-O bonds together with the standard molar gas-phase enthalpies of formation of the oxygen atom and of compounds 1a-c, the enthalpy of formation of compounds 2a-c were estimated.
Experimental Section
Materials: Synthesis and Characterization. Compound 1a was prepared by reacting benzofuroxan with acetoacetamide in the presence of ethanolamine and calcium chloride according to the published experimental method of Stumm and Niclas. 14 The crude product was collected by vacuum filtration, washed with chilled methanol, and then purified by crystallization from anhydrous methanol. Compounds 1b and c were prepared in a similar fashion from acetoacetanilide and 2-methylacetoacetanilide, respectively. The crude products were crystallized from anhydrous methanol to give purified samples having observed melting temperatures in excellent agreement with published literature values. 2 Compound 1a was used immediately after its synthesis without additional purification. The composition of the compound was confirmed by the average ratio of the mass of carbon dioxide recovered after combustion experiments to that calculated from the mass of the sample (0.9998 ( 0.0006), and the differential scanning calorimetry (DSC) thermogram shows that there is no transition phase before the melting temperature (511 K, with decomposition).
Compounds 1b and c were recrystallized from chloroform, dried under vacuum, and stored prior to usage. Compound 1b was seen to degrade during storage and was purified by column chromatography on silica, using dichloromethane/methanol (6:1 v/v) as eluant. The chromatographic separation allowed us to isolate two compounds that were both characterized by 1 H and 13 C NMR as well as by high-resolution mass spectrometry (MALDI-TOF). These compounds were identified as the desired quinoxaline-1,4-dioxide (1b) and its quinoxaline derivative (2b), according to spectroscopic data given separately as Supporting Information. After purification, compound 1b was used in the thermochemical studies, as detailed below. The average ratio of the mass of carbon dioxide recovered after combustion experiments to that calculated from the mass of samples (1b, 0.9971 ( 0.0009; 1c, 1.0005 ( 0.0007) confirmed the purity of the samples. The thermal behavior of the compounds was studied by DSC. The thermograms show any transition phases before melting with decomposition (497 and 482 K, respectively, for 1b and c).
Unfortunately, the amount of isolated 2b was very small and, therefore, it was not possible to determine experimentally either its enthalpy of formation in the condensed phase or its enthalpy of phase transition.
Static Bomb Combustion Calorimetry. For each one of the three compounds, the energy of combustion was measured in a static bomb calorimeter, with a twin valve bomb and an internal volume of 0.290 dm 3 , originally assembled in England 15, 16 and now installed in the Thermochemistry Laboratory at the University of Porto. 17 The energy equivalent of the calorimeter was determined from the combustion of benzoic acid (BDH Thermochemical Standard, batch 693976/01) having a massic energy of combustion, under standard bomb conditions, of -(26 435.1 ( 3.5) J‚g -1 . The calibration results were corrected to an energy equivalent, (cal), corresponding to an average mass of water added to the calorimeter of 2900.0 g. Seven calibration experiments were made in an oxygen atmosphere at p ) 3.04 MPa, with 1.00 cm 3 of water added to the bomb, leading to an energy equivalent of the calorimeter of (calor) ) 15 551.6 ( 2.6 J‚K -1 , where the uncertainty quoted is the standard deviation of the mean.
The samples, in pellet form, were ignited in an oxygen atmosphere at p ) 3.04 MPa, at T ) 298.15 K, and with 1.00 cm 3 of water inside the bomb. The amounts available for the three compounds were small, so n-hexadecane was used as an auxiliary combustion material (standard massic energy of combustion, ∆ c u°) -(47 161.9 ( 3.2) J‚g -1 ) to produce the appropriate increase of temperature. For the cotton thread fuse of empirical formula CH 1.686 O 0.843 , ∆ c u°) -16 250 J‚g -1 . 18 Corrections for nitric acid formation were based on -59.7 kJ‚mol -1 for the molar energy of formation of 0.1 mol‚dm 3 HNO 3 (aq) from N 2 (g), O 2 (g), and H 2 O(l). 19 At T ) 298.15 K, (∂u/∂p) T for the solid was assumed to be -0.2 J‚g -1 ‚MPa -1 , a typical value for organic solids. The amount of compound burnt in each experiment was determined from the total mass of carbon dioxide produced after allowance for that resulted from the cotton thread fuse and n-hexadecane. For each experiment, the value of ∆ c u°was calculated by using the procedure given by Hubbard et al. 20 The relative atomic masses used throughout this paper were those recommended by the IUPAC Commission in 2001. 21 Knudsen Effusion Experiments. The standard molar enthalpies of sublimation of the three of 3-methyl-quinoxaline-2-carboxamide-1,4-dioxide derivatives were derived by the Knudsen effusion method, using the quartz microbalance previously described. 22, 23 The equipment was previously tested with benzanthrone, squaric acid, and 4-hydroxy-2-methylquinoline. 23, 24 During this work, the apparatus has also been tested respectively. The vapor effusing from the Knudsen cell was allowed to condense on a quartz crystal positioned above the effusion hole; changes in the frequency, ∆f, of oscillation of the quartz crystal were proportional to the mass condensed in its surface, 26 ∆f ) C f ∆m, where C f is a proportionally constant. From the Knudsen equation, the vapor pressure is given by eq 1, where (∆m/∆t) is the rate of mass loss, a is the effective area of the effusion hole, and M is the molar mass of the effusing vapor.
As the measured rate of change of frequency of oscillation with time, ν ) ∆f/∆t, is directly proportional to the rate of sublimed mass 26 of the crystalline sample, ν ) C f ∆m/∆t, By applying the integrated form of the Clausius-Clapeyron equation, the enthalpy of sublimation, ∆ cr g H°m, is derived from the slope of ln(νT 1/2 ) against T -1 . From at least five independent sets of experimental measurements of the frequency of the quartz oscillator for each compound, at convenient temperature intervals, it was possible to obtain independent results for the enthalpy of sublimation of each compound, referred to the mean temperature of the experimental range.
Computational Details. Calculations were performed using the semiempirical B3LYP method, 27 which uses the exchange functional introduced by Becke (mixture of exact Hartree-Fock 
(1)
and Slater local-density exchange added by a correction term) and the LYP correlation functional of Lee et al. 28, 29 as included in the Gaussian 03 computer code. 30 The atomic electron density of hydrogen, carbon, nitrogen, and oxygen atoms has been described by means of the 6-31G(d) and 6-311+G(2d,2p) basis sets. The former basis has been used to fully optimize the geometry of all compounds and to compute the vibrational frequencies. The absence of negative frequencies ensured that all structures were minima on the potential energy surface. The larger basis set was used only for the full optimization of the structures of all compounds. Finally, the enthalpies of all compounds were obtained by combining the energy coming from the full optimizations completed at the highest level of theory and the thermal corrections retrieved from the scaled vibrational frequency (factor ) 0.98) calculations performed at the B3LYP/ 6-31G(d) level. From now on, this computational strategy is referred as B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d).
Results and Discussion
Gas-Phase Enthalpies of Formation for 1a-c. The standard gas-phase enthalpy of formation, T ) 298.15 K, of each of the 3-methyl-quinoxaline-2-carboxamide-1,4-dioxide derivatives was calculated by combination of the enthalpy of formation with the enthalpy of sublimation of the crystal, determined by isoperibol static bomb calorimetry and the Knudsen effusion method, respectively. Typical results for one combustion experiment of each compound are presented in Table 1 . The samples were ignited at T ) 298.15 K, so the energy involved in the isothermal bomb process, ∆U(IBP), is derived from eq 3, where ∆T ad is the calorimeter temperature change corrected for heat exchange and the work of stirring, ∆m(H 2 O) is the deviation of the mass of water added to the calorimeter from 2900.0 g (the mass assigned for (calor)), ∆U Σ is the correction to the standard state, and the remaining terms were previously described. 20 The mean value of massic energy of combustion, ∆ c u°, of the crystalline compound, at T ) 298.15 K, has been used to calculate the corresponding values of the standard molar energy of combustion, ∆ c U°m(cr), and the standard molar enthalpy of combustion, ∆ f H°m(cr); this last value and the values for the standard molar enthalpies of formation taken from the literature 31 for H 2 O(l) and for CO 2 (g), -(285.83 ( 0.04) and -(393.51 ( 0.13) kJ‚mol -1 , respectively, allow the standard molar enthalpy of formation for crystalline compound, ∆ f H°m(cr), to be derived. In Table 2 , a summary of the final results for these parameters derived for the three compounds is presented.
The results for the measurement of the standard molar enthalpies of sublimation of 1a-c, by the Knudsen method, are summarized in Tables 3-5 , respectively, together with the mean temperatures of the experimental ranges and the standard molar enthalpies of sublimation at these mean temperatures, ∆ cr g H°m (〈T〉); the parameter of the Clausius-Clapeyron equation corresponding to the slope was obtained using a leastsquares fitting of the experimental data. The value of ∆ cr g H°m (〈T〉) was corrected to T ) 298.15 K assuming ∆ cr g C°p ,m ) -50 J‚K -1 ‚mol -1 , 22 yielding the final ∆ cr g H°m value. The uncertainties assigned are twice the overall standard deviations of the mean.
The enthalpies of formation of compounds 1a-c were obtained from the corresponding standard enthalpies of formation in the crystalline state and from their enthalpies of sublimation. The final standard molar enthalpies of formation, in both crystalline and gaseous states, as well as the standard molar enthalpies of sublimation, at T ) 298.15 K, for the compounds studied in this work are summarized in Table 6 .
The present computational approach was found previously to be suitable for the estimation of standard gas-phase enthalpies of formation if it was used in conjugation with a working reaction embracing structurally similar reactants and products for which accurate experimental enthalpies of formation are already known. 10, 12, [32] [33] [34] [35] Here, the use of this computational approach is quite difficult, since the experimental enthalpies of formation for key species, such as C 6 H 5 N(sH)C(dO)sX, where X is a methyl group or, even more interesting, an aromatic ring, are not available in the literature. Therefore, from our experience, large errors are to be expected if the present computational approach is used to estimate the gas-phase enthalpies of formation for compounds 1b and c without the knowledge of thermochemical data for similar compounds. In the case of compound 1a, it is possible to estimate its enthalpy of formation in the gas phase considering the following working reaction: The gas-phase enthalpies of formation of 2,3-dimethyl-quinoxaline-1,4-dioxide and of pyrazinamide are known from the literature with values of ∆ f H°m(g) ) 149.4 ( 4.5 kJ‚mol -1 10 and ∆ f H°m(g) ) 8.5 ( 2.6 kJ‚mol -1 , 36 respectively. The ∆ f H°m(g) value for methylpyrazine is not known, but it can be estimated from G3MP2//B3LYP calculations (G3MP2B3 keyword in Gaussian 03) and the atomization reaction. This computational strategy must be used with caution, since it is known that it can give erroneous estimates for relatively large compounds; the molecular size of methylpyrazine is acceptable, since the tuning of the above-mentioned composite approach included some compounds with sizes relatively similar to that of methylpyrazine. Anyway, we have tested the G3MP2// B3LYP/atomization reaction strategy for a quite similar compound, ethylpyrazine, for which the ∆ f H°m(g) value is available in the literature; 37 the experimental standard enthalpy of formation in the gas phase for the latter compound is 146.9 ( 2.8 kJ‚mol -1 . 37 The G3MP2//B3LYP estimated value is 140.7 kJ‚mol -1 , which is in good agreement with the experimental result. Therefore, one should expect that the same approach will be reliable for a slightly smaller but identical species. For the methylpyrazine compound, the G3MP2//B3LYP ∆ f H°m(g) value is 161.8 kJ‚mol -1 . Using the three gas-phase enthalpies of formation and the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G-(d) computed enthalpy for the reaction described by eq 4, which is -20.4 kJ‚mol -1 , it comes that the estimated enthalpy of formation for compound 1a is 16.5 kJ‚mol -1 , which is in excellent agreement with the experimental result pointed out in the preceding section, that is, ∆ f H°m(g) ) 19.7 ( 5.5 kJ‚mol -1 . In fact, the estimated result lies inside the interval of values defined by the uncertainty associated with the experimental ∆ f H°m(g) value for compound 1a. This reinforces the idea that the present density functional theory (DFT) strategy is adequate for the calculation of thermochemical data regarding quinoxaline derivatives. N-O Bond Dissociation Enthalpies. The compounds studied in the present work have two different N-O bonds, one closer to the methyl group and the other closer to the carboxamide substituent, and therefore, due to the different chemical neighborhoods, these bonds are expected to have different strengths. Thus, these bonds are cleaved at different energies and we may introduce the terms (i) first N-O bond dissociation enthalpy, which is associated with the energy required to break the weakest bond in the di-N-oxide compound yielding the corresponding N-oxide, (ii) second N-O bond dissociation enthalpy, which is related to the energy required to break the bond in the N-oxide compound yielding the parent quinoxaline compound, and, finally, (iii) the mean N-O bond dissociation enthalpy that is connected with the sum of the former two dissociation enthalpies divided by 2. This notation has also been used in previous works. [10] [11] [12] [13] 38 The B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) computed dissociation enthalpies for 1a are reported in Figure 2 . The enthalpies computed for the removal of a single oxygen atom from compound 1a show that the weakest bond is that nearby the carboxamide group. The enthalpy required to cleave this bond is 241.7 kJ‚mol -1 , approximately 10 kJ‚mol -1 lower than that required to remove the oxygen atom closer to the methyl substituent. The computed second N-O bond dissociation enthalpy is 266.0 kJ‚mol -1 . The absolute enthalpy required to remove both oxygen atoms from compound 1a yielding 2a is 507.7 kJ‚mol -1 ; that is, the mean N-O bond dissociation enthalpy is 253.8 kJ‚mol -1 . In the case of compounds 1b and c, the first bond to be cleaved is also that closer to the carboxamide group; compare Figures 3 and 4 . For the former compound, the first, second, and mean N-O bond dissociation enthalpies are 240.6, 264.7, and 252.6 kJ‚mol -1 , respectively, while, for the latter, they are 240.3, 265.0, and 252.6 kJ‚mol -1 , respectively.
Interestingly, since the enthalpies computed for compounds 1b and c are similar to that computed for species 1a, the consideration of a much larger substituent in 1b did not introduce any significant steric influence in any of the N-O bonds. This is a very important point, since it suggests that the consideration of bulky groups that are not bonded directly to the quinoxaline rings seem to not significantly affect the N-O bonds and, consequently, such groups do not reduce the enthalpy required to cleave these bonds. The last sentence is also in agreement with the identical first, second, and mean N-O bond dissociation enthalpies found previously for a similar compound, namely, 3-methyl-2-ethoxycarbonyl-quinoxaline-1,3-dioxide. 10 Gas-Phase Enthalpies of Formation for 2a-c. As already shown above, the present computational approach is suitable for the estimation of standard gas-phase enthalpies of formation if a working reaction dealing with similar compounds in both reactants and products is used. Further, the same DFT methodology yields accurate N-O bond dissociation enthalpies for this class of compounds. Therefore, it is possible to estimate the standard enthalpies of formation for compounds 2a-c by considering the experimental ∆ f H°m(g) values for compounds 1a-c, see Table 6 , and atomic oxygen, ∆ f H°m(O, g) ) 249.18 ( 0.10 kJ‚mol -1 , 31 The gas-phase enthalpy of formation for compound 2a can also be estimated in a similar way to that employed above for compound 1a, that is, considering a reaction identical to that described by eq 4 but with the quinoxaline derivatives instead of the quinoxaline-1,4-dioxide ones.
The enthalpy of the reaction described by eq 5 is -7.1 kJ‚mol -1 . Then, using the experimental standard enthalpy of formation for 2,3-dimethyl-quinoxaline, ∆ f H°m(g) ) 172.9 ( 3.0 kJ‚mol -1 , 39 the estimated value for compound 2a is now 20.5 kJ‚mol -1 . This value is 8.5 kJ‚mol -1 lower than the estimate coming from the use of the reaction for double N-O bond dissociation of 1a depicted by the diagonal arrow in Figure 2 . Considering the fact that the estimate for compound 1a was smaller than the experimental result here reported, the same rationale led us to conclude that the best estimate would be comprised between the value coming from the use of the double N-O bond dissociation reaction and that coming from the use of eq 5. 
Conclusions
In the present work, the combination of two different techniques, namely, static bomb combustion calorimetry and the Knudsen effusion technique, allowed the measurement of the standard molar energies of combustion and the enthalpies of sublimation, respectively, of three 3-methyl-N-R-2-quinoxalinecarboxamide-1,4-dioxide derivatives, with R ) H, phenyl, and 2-tolyl. From these quantities, it was then possible to determine, for each of these compounds, the standard molar enthalpies of formation in the condensed and gaseous phases.
The standard molar enthalpy of formation in the gas phase of the smaller quinoxaline-1,4-dioxide, that is, with R ) H, was compared with that estimated by density functional theory. The comparison was found to be rather good, and since it was found previously that the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) approach was suitable for the estimation of thermochemical parameters for other quinoxaline-1,4-dioxides, the same methodology has been employed here to estimate the following quantities: standard gas-phase enthalpies of formation of the 3-methyl-N-R-2-quinoxalinecarboxamides, the first and mean NsO bond dissociation enthalpies of the three 3-methyl-N-R-2-quinoxalinecarboxamide-1,4-dioxides, and, finally, the N-O bond dissociation enthalpies in the 3-methyl-N-R-2-quinoxalinecarboxamide-1-oxides or in the 2-methyl-N-R-3-quinoxalinecarboxamide-1-oxides.
The comparison of the enthalpies of dissociation computed for the three quinoxaline derivatives studied here seems to suggest that the size of the groups introduced at positions 2 and 3, that is, at carbon atoms adjacent to the N-O bonds, negligibly affects these bonds. Further, comparison with previous works dealing with quinoxaline-1,4-dioxides seem to indicate that the strength of the N-O bonds is only dictated by the type, rather than the size, of the group directly bonded to the quinoxaline ring.
